Introduction
In the past few years, the development of a variety of nanofabrication techniques has allowed individual molecules to contact between metallic electrodes and to measure their electronic transport properties. [I.2J These techniques have also made it possible to show that certain molecules can indeed behave like some of the basic components of today's microelectronics, which has given rise to the field of molecular electronics. [3] Although the initial results are promising, the future of this field still depends crucially on our ability to understand the transport mechanisms that determine the electrical current at the single-molecule level. In this respect, great effort has recently been devoted to understand how the transport properties of molecular junctions can be tuned by chemically modifying the molecules under study. [4 J One of the main problems that remains to be understood is the role of anchoring groups in the transport through molecular junctions. [5] [6] [7] [8] [9] [10] [11] [12] [13] Different experiments have shown that the terminal groups that bind a molecule to the metal electrodes not only control the numerical value of the junction conductance but also affect several other factors. Thus, for instance, Venkataraman et al. [8] have shown that measurements with amine-anchored molecules exhibit a considerably lower spread of the conductance values than, for example, measurements with their thiolated partners. The anchoring groups have also First publ. in: Small 6 (2010), 14, pp. been shown to influence the exponential decay of the conductance with molecular length[9 J as well as the length over which a junction can be stretched.l uJ Furthermore, terminal groups can also be used to tune the current rectification in a junction [I2] and even to modify the dominant transport mechanism. [13] From the theory side, extensive studies have been carried out in order to elucidate the origins of the observations detailed above. For instance, it has been shown that the conductance of thiolated molecules is quite sensitive to the binding geometry, [14-16J while the better defined conductance values of amineterminated compounds have been explained in terms of the preference of this group to bind selectively to low-coordinated gold atoms.l8. [17] [18] [19] It has been argued that the anchoring groups affect the energy-level line up relative to the metal Fermi energy, and consequently the conductance, [20] and it has also been suggested that they can play an important role in determining both the length of the conductance plateaus and the force required to break the contacts.l 9 .
]
With the notable exception of recent thermopower measurements,lZI.22] the experimental studies on the role of anchoring groups have been based on the analysis of the lowbias conductance, which does not provide spectroscopic information to elucidate how these groups exactly modify the electronic structure of molecular junctions. Presently, a systematic study that correlates the conductance values, binding energies, and coupling strengths with the chemistry of the anchoring groups is still missing. In this Full Paper, we present a combined experimental and theoretical analysis of the transport properties of 1,2-bisphenylethene (tolane) molecules, which were chemically modified by the inclusion of thiol, nitro, and cyano anchoring groups. As is shown below, the analysis of the current-voltage (I-V) characteristics of this testbed molecule allows us to quantitatively establish how these different anchoring groups determine the metal-molecule coupling and how they influence the position of the molecular levels, altering in turn the nature of the electrical conduction.
Results and Discussion

Measurements of /-V curves
In this Full Paper, we present measurements on metalmolecule-metal junctions, which were produced using the mechanically controlled break-junction (MCBJ) technique (see Experimental Section for details). The main advantage of our experimental setup is its high mechanical stability, even in liquid environments, which allows us to measure I-V characteristics at all stages of the opening and closing curves. This, however, distorts the typical conductance-distance traces. [24.25] Thus, an analysis of these curves in terms of histograms is not presented in this work but we investigate instead the statistics of the I-V curves. In general, we can distinguish three regimes during the opening and closing cycles: i) After the direct con tact ofthe last metal atoms is broken, pure metal-to-metal tunneling is observed. The distance between the metallic electrodes is still so small that the tunneling current exceeds any contribution by transport through the molecules. This regime is characterized by linear I-V characteristics in the whole range from -V max to V max' ii) When the electrodes are pulled further apart, the metal-to-metal tunneling contribution decreases exponentially and then most ofthe current flows through the molecules. In this regime, the 1-V curves are nonlinear, as can be seen in Figure 1 in which some examples for the three different molecules are shown. iii) Further separation of the electrodes leads to loss of contact between the metallic electrodes and the molecules. In this case, the current flows via tunneling between the metal electrodes, mediated by the solvent. [26] The current is generally far below the level that is observed in the two previous cases. Let us mention that hysteretic effects in the I-V curves can be observed, which we attribute to the presence of the solvent. The current, however, is generally so low that these effects do not play a significant role in regimes (i) and (ii).
Motivated by the analysis of the different types of I-V curves, we focus our attention here on the study of junctions with values of the low-bias conductance between 10 1 and 10'5 Go (with Go = 2e 2 j h), which are likely due to either a single molecule or a small number of them. Since the contact can be realized in this regime by many geometrical configurations, we carry out a statistical analysis of the I-V curves. [27J Obviously, the I-V characteristics contain more information than just the linear conductance. Thus, for instance, we find that junctions with similar linear conductance values can give rise to very distinct I-V curves. This illustrates that the more conventional analysis of histograms to identify the most probable value of the conductance of a single-molecule contact [4.6-11.28 .29J certainly misses important information about the molecular-transport junctions.
A first inspection of the I-V curves for the different anchoring groups (see Figure 1 ) reveals that while the currents for the 4,4'-biscyanotolane (BCT) molecules (cyano group) are on the order of 1 nA for a voltage of 0.5 V, the corresponding currents for 4,4'-bisthiotolane (BTT; thiol group) and 4,4'-bisnitrotolane (BNT; nitro group) are typically around 1-10 fLA (i.e., more than three orders of magnitude higher). Moreover, the number of stable 1-V curves that were recorded for the BCT molecules was clearly much smaller than for the other two, which we attribute to the weak metal-molecule coupling in the case of this end group (see discussion below). A comparison of the results for BTT and BNT shows that the nitro group leads to higher currents than in the case of thiol, especially at low bias.
Single-level Model
In order to obtain an insight into the physical origin of these results, it would be very helpful to be able to reproduce the 1-V curves with a simple theoretical model. Our choice is a singlelevel model, which is often referred to as resonant-tunneling model. [30] This model has already been used, for instance, to explain transport through C 6o -based moleculesplj to describe transition-voltage spectroscopy data on alkanes of various length, [32] or to fit the I-V curves in molecular junctions fabricated with on-wire lithographyY3 J The main assumptions for the validity of the model are: (i) the transport is phase coherent (tunneling mechanism) and (ii) the current is dominated by a single molecular resonance in the entire voltage range explored in the experiments. While the first assumption is very reasonable for short molecules like the tolane studied here, ..s.
-0.5 it is not obvious that the second one is justified (see discussion in Section 2.3.).
Within this model, the current through a metal-moleculemetal junction is given by the Landauer formula, [30] 00
where T(E, V) is the transmission function that depends both on the energy E and voltage V and feE) = 
is the Fermi function with /L as the lead chemical potential and kBTbeing the thermal energy. In this model, the transmission is given by the Breit-Wigner formula: [30] 4rLrR
Here, Eo is the energy of the molecular level, which can depend on the bias voltage, and rUR are the scattering rates related to the probability of injecting an electron into the molecule from the left (L) and right (R) electrodes. These rates also describe the width (or inverse lifetime) that the molecular level acquires in virtue of the coupling to the metal and they can be used as a measure of the strength of the metal-molecule coupling. Furthermore, we shall assume that the rates are energy and voltage independent, which is a good approximation for the case of a metal like gold with a rather flat density of states in the vicinity of the Fermi energy. Additionally, we assume that the voltage drops at the metal-molecule interfaces and that the relative drop is determined by the ratio rL/r R . This means, in particular, that in the case of symmetric junctions (r= r L = r R ), Eo does not depend on the bias and the I-V curves are symmetric with respect to voltage inversion (i.e.,
I(-V) =-I(V».
We have used the single-level model summarized in Equations 1 and 2 to fit the experimental I-V curves. We concentrate here on symmetric 1-V curves in order to reduce the number of fitting parameters to two, namely r and Eo, and thus simplify their extraction. It is worth stressing that asymmetric curves arise for all tested molecules. They can also be described successfully by the single-level model assuming coupling parameters where TL#TR (see Supporting Information). Both the energy levels and coupling constants are very similar to those obtained from the symmetric curves. As can be seen in Figure 1 , the model is able to reproduce the experimental data very satisfactorily. The values extracted for T and Eo (which we always measure with respect to the equilibrium Fermi energy, E F ) are summarized in Figure 2 for the three molecules studied. The changes in the parameters reflect the different configurations adopted by the molecular junctions. The most important features in this figure are the following: i) For BTT, Eo does not depend strongly on the current level and ranges from 0.3 to 0.6eV. The coupling parameter Tincreases on average with increasing current level from 20 to 100 me V. ii) For BNT, the values of the parameters are similar to those for BTT but they exhibit a larger spread. Notice also that we find a slightly higher current level for BNT as compared with BIT and also higher values for the coupling parameter r(between 50 and 200 me V). In addition, we find no clear tendency for the parameters as a function of the current.
iii) The results for BCT show that the coupling to this molecule is much weaker (r"", 1-3 meV) and that the energy level is further away from the Fermi energy (Eo between 0.5 and 0.8 e V). The coupling tends to increase with increasing current, similar to the behavior for thiol anchors.
It is worth stressing that, in all the cases reported in Figure 2 , we are dealing with (moderate) off-resonant tunneling through a single level. In the symmetric situation that we are discussing here, the resonant condition is reached at a voltage V = 2Eo/e, which should be manifested as a rapid increase of the current at that voltage. However, in our measurements, the lowest values for IEol are about O.3eV, whereas the maximum applied voltages range from 0.5 to 0.7 V. Thus, the resonant condition is only reached in our measurements for particular junctions, that is, when the junctions were stable up to a bias voltage V> 2Eo/e. In such cases the overall conductance is rather high and the increase in current due to the resonance condition is difficult to detect. A typical curve for this scenario is shown in Figure 2 for the case of the BNT molecule. For this reason, we prefer to call the model introduced in this section a single-level rather than resonant-tunneling model.
Density Functional Theory Calculations
The results presented above provide a novel way to quantify the role of anchoring groups. However, one needs to be cautious because the I-V curves (see Figure 1) do not have sufficiently pronounced structure as to unambiguously exclude the use of other tunneling models (a discussion of trials to fit the results with other models is presented in the Supporting Information). In this sense, it is very important tojustify the assumptions made in the single-level model with first-principle calculations, which in turn should shed light on the origin of the parameter values found in the fits. For this reason, we have carried out calculations based on density functional theory (DFT) to determine the geometry and electronic structure of the molecular junctions as well as their transmission. To be precise, we have first performed DFT calculations using TIJRBOMOLE [34] in order to describe the molecules in the gas phase and the goldmolecule-gold junctions. In all the calculations presented in this work, we have used a split-valence basis set with polarization functions for all nonhydrogen atoms [35] and the BP86 exchange-correlation functional. [36] To determine the structure of the molecular junctions, geometrical optimizations were performed for systems where the molecules were attached to gold clusters consisting of20 atoms. Then, further gold layers were added to the optimized structures in order to extend the size of both clusters to around 60 atoms and to describe correctly the metal-molecule charge transfer and the corresponding level alignment. Finally, single-point calculations were performed on these extended systems and the zero-bias transmission of the junctions was computed in the spirit of the Landauer formalism using Green's function techniques, as detailed in Reference [37] . For the sake of completeness, we have also analyzed theoretically the transport through the 1,2-bisaminotolane (BAT), which has been investigated in recent experiments. [38] In Figure 3 , we show the computed zero-bias transmission as a function of energy for BIT, BAT, BNT, and BCT molecules in different binding geometries. In the case of BIT, we have considered top and hollow binding positions. For both geometries, the conduction takes place through the highest occupied molecular orbital (HOMO). The transmission resonance is narrower for the hollow geometry and appears at a lower energy value. Concerning the amine group, only the top geometry is shown here because, in agreement with previous calculations, [8.17-19] we find that this group prefers to bind to low-coordinated gold atoms. Also, in this case, the nitro group was found to bind to gold through the oxygen atoms. Au-N0 2 binding has been suggested by recent experiments [39] and computational studies employing nitro-Au junction were reported recently.!40] For the Au-BNT-Au junctions, we consider a trans and a cis structure, both in top binding positions. These two structures exhibit slightly different transmission functions. The reason is that, in the cis configuration, the molecule is bent in such a way that the two oxygen atoms get closer to the Au cluster. This causes the relevant transmission resonance to be broader, as shown in Figure 3 . In both cases, however, the conductance is dominated by the lowest unoccupied molecular orbital (LUMO). For BeT, top and hollow geometries were studied, but one of the hollow bindings changed to a top one, with the molecule adopting a bent structure. Similar to BNT, the conductance is mainly determined by the LUMO for both configurations and the bending leads also in this case to a broader resonance. The most important thing to notice is that, in all the cases shown in Figure 3 Table 1 . The computational results for BIT reproduce the order of magnitude found in the experiments well for both fit parameters. In the case of BCT, we find a smaller value of r than for BIT, also in agreement with the experimental fits, and also a smaller Eo value. For the amine group (BAT), we obtain values for the coupling strength on the order of those found for BIT, while the conductance is lower than for this latter molecule. For the particular geometry shown in Figure 3 , the linear conductance is still higher than the experimental value found in Reference [38] (5.7 x 10-4 Go). The most problematic case is BNT, where the theoretical values for r are clearly smaller than the experimental ones. More importantly, we have found in this case a binding geometry in which the transport is at least determined by two molecular orbitals. In this geometry (see Supporting Information), the molecule binds to the electrodes via two Au-O bonds on each side. In this case, we have found that the LUMO and LUMO + 1 of the molecule contribute significantly to the conductance and that the I-V curve is rather linear, similar to the experimental results. This result suggests that, for this molecule, the use of a single-level model might not be justified in general.
As mentioned above, an important piece of information revealed by our calculations is that the nature of the transport depends crucially on the anchoring group. While for BIT and BAT, we find that the transport is dominated by the HOMO (hole transport), in the case of BNT and BCT, the conduction takes place through the LUMO (electron transport). Although the exact positions of the molecular orbitals in the junction depend on the interaction with the metallic electrodes, these findings can be traced back to the electronic structure of the isolated molecules (in the gas phase). In Table 1 , we report the position of the frontier orbitals (HOMO and LUMO) for the four different molecules, as obtained from our DFT calculations. These values have to be compared with those of the reference molecule (with no anchoring groups): -0.374eV for the HOMO and +3.652 eV for the LUMO (measured with respect to the gold Fermi energy, which in our calculations is -5.0 eV). From these results, one can see that both thiol and amine groups have electron-donating character, which is reflected in the increase of the energy of the frontier molecular orbitals. This results in practice in the fact that the HOMO is the orbital closest to the Fermi energy in the junctions. On the contrary, nitro and cyano groups have an electron-withdrawing character, which means that the LUMO is pushed closer to the gold Fermi energy. Recent experiments on the thermopower of cyano-terminated benzene molecules did indeed show that the transport in this case is dominated by the LUMO of the molecule[21j and this has also been suggested by theoretical calculations. [20] Thus, from this analysis we can conclude that, for short molecules at least, the anchoring groups determine the transport characteristics of a molecular junction not only by controlling the strength of the metal-molecule coupling but also via their strong influence on the position of the frontier orbitals.
The last issue that we want to address briefly is the dependence of r on stretching of the contacts. The experimental results of Figure 2 show that the level broadening does not change significantly from realization to realization of the contact (just within a factor of 3-4). This might be surprising at first glance since some of the I-V curves may correspond to contacts subjected to strong stress. In order to clarify this issue, we have performed DFT simulations of the stretching process for all the molecules in the top binding geometries shown in Figure 3 . As discussed in detail in the Supporting Information, we find that for all the molecules, the coupling parameter ronly changes within a factor 3 to 5 from the equilibrium geometry to the point at which the contacts break, in accordance with the variation range found experimentally.
Conclusions
In summary, we have experimentally investigated electron transport through single tolanes modified with different anchoring groups and attached to gold contacts. Using a simple single-level model, we have been able to fit the observed I-V curves, which allows us to extract the position and broadening of the molecular levels that dominate the transport. In addition, we have presented DFT-based calculations that justify the use of this simple tunneling model and provide additional support for the values extracted from the fits. These calculations reveal that the anchoring groups have a strong impact on the position of the relevant molecular orbitals and that they control the nature of the conduction according to their donor or acceptor character.
Experimental Section
In this work, we employed the MCB) [23] technique to build metalmolecule-metal contacts. The MCB)s were defined lithographically using bronze substrate, a polyimide insulation layer, and 80 nm of gold on top. Measurements were carried out at room temperature using a refillable glass pipette with a poly· (dimethylsiloxane) gasket as a liquid cell, which was lowered onto the break junction. Contact to the Au break·junction structure was established via in·capped Au spring contacts and a computer· controlled Keithley 6430 source measurement unit was used to determine the conductance. Slow opening and closing of the MC B) in the presence of molecules allowed us to record conductancedistance traces. Altematively, I-V characteristics were taken at fixed sample opening, slowly ramping the voltage from 0 to V max, from V max to -V max, and back to 0 up to three times, with V max between 0.5 and 1 V. In order to ensure statistically relevant information, the I-V curves were taken from different opening and closing cycles, in which new Au-molecule-Au contacts were formed each time.
As mentioned above, we chose tolane as a simple conjugated backbone, modified with three different anchoring groups, as shown in Figure 1 : BCT with cyano groups, where the N atom has a lone electron pair, BNT with nitro groups, where the strongly electronegative 0 atoms withdraw much of the electron density from the N, and BTT with the more standard thiol groups. All these molecules were dissolved in toluene. In the case of BTT, a droplet of ammonium solution was added prior to the measurement to facilitate the removal of the acetyl protective groups initially attached to the S atom.
